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Abstract: This study investigates the application of caudal foundations inspired by snake
locomotion to improve lateral stress distribution and enhance soil-structure interaction in pile
foundations. This study presents a bioinspired snakeskin-inspired caudal pile geometry that
contextually modifies the lateral earth pressure coefficient (K) and skin resistance (Q) terms
within the classical Meyerhof pile bearing capacity framework. Laboratory tests were conducted
on four steel pile models with a diameter of 10 mm: one smooth pile (plain model) and three
caudal designs with varying L/H ratios of20,26.67, and 33.33. A small-scale automated loading
press, equipped with a stepper motor and a continuous stress-strain recording system, ensured
precise real-time data acquisition during the tests. Results indicated that the caudal foundation
with an L/H ratio of 20 achieved the highest improvement in skin resistance (Q;, = 0.0280 kN)
and lateral earth pressure coefficient (K = 3.94) compared to the smooth pile. These findings
confirm a direct correlation between L/H ratio and lateral stress distribution, offering theoretical
insights into bioinspired foundation designs and practical recommendations for optimizing
foundation performance under diverse geotechnical conditions. Future research is suggested to
examine the role of pile diameter and other geometric parameters in validating these trends.

Keywords: caudal foundation; coefficient of lateral earth; Meyerhof equation; skin resistance;

L/H ratio

1. Introduction

The term "caudal," commonly used in anatomy to describe
a position relative to an animal's body, is adopted in this
study to conceptualize a bioinspired foundation design.
Pile foundations frequently encounter challenges in
distributing lateral pressures effectively, resulting in
inefficiencies in load transfer mechanisms". Inspired by
the locomotion principles of snakes, this study proposes a
caudal foundation design that mimics anisotropic frictional
behavior to enhance soil-structure interaction®. The unique
shape and rigidity of snake scales enable the mobilization
of higher frictional forces¥, providing insights for
improving foundation performance®.

Understanding and applying bioinspired mechanisms can
lead to more efficient and sustainable engineering
solutions®”, while also offering new insights into
addressing modern geotechnical challenges®*'". Previous
studies emphasize the importance of surface roughness in
influencing shear strength at the interface between steel
and soil'?. Engineered textured surfaces with structured
roughness have been shown to mobilize higher friction

angles compared to randomly rough surfaces'?.

instance, textured pile foundations can increase the friction
angle up to 50% compared to smooth surfaces in sand. A
clear relationship exists between the 6./dsratio and
normalized surface roughness (R,): in uniform sand, an
R, value of 0,01 corresponds to a 8.5/¢.s ratio of 0,7,
whereas a (R, ) value of 0,06 corresponds to a O/
& ratio of 1,2'9. These findings highlight the potential of
tailored surface roughness in improving the performance
of pile foundations in sandy soils.

Using caudal designs in small-scale tests on 10 mm
diameter steel piles with an L/H ratio of 40 in Ottawa
F65 sand demonstrated a 780% improvement in load-
bearing capacity compared to smooth piles, with a relative
capacity increase of 340% for caudal piles'>. DEM
analysis of 40 mm diameter piles revealed that caudal
installation with an L/H ratio of 6.25 produced a pore
resistance of 2.5 kN, while an L/H ratio of 4.16 resulted
in a resistance of 3.7 kN. Conversely, caudal foundations
with an L/H ratio of 6.25 achieved a lower pore
resistance of 2.0 kN under similar conditions'®. These
findings highlight the influence of L/H ratios and

For
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installation methods on the performance of bioinspired pile
foundations in granular soils.

Bioinspired design provides a systematic approach to
translating biological mechanisms into engineering
solutions, particularly where conventional designs show
efficiency limitations. In granular soils, load transfer along
pile foundations is mainly controlled by frictional
interaction and lateral stress mobilization, both of which
depend strongly on surface geometry. Inspired by the
anisotropic friction behavior of snake caudal scales,
caudal-inspired pile surfaces are hypothesized to modify
lateral earth pressure distribution and enhance skin
resistance, directly linking this concept to classical bearing
capacity formulations.

The bearing capacity of pile foundations in sandy soils is
governed by the combined contribution of point resistance
and skin resistance, both of which are influenced by soil
strength and stress distribution. The internal friction angle
(@) represents the shear strength of granular soils and
directly controls the magnitude of bearing capacity factors,
which increase nonlinearly with increasing ¢ . Skin
resistance (Qg) arises from frictional interaction along the
pile—soil interface and is governed by the effective vertical
stress, interface friction angle, and the coefficient of lateral
earth pressure (K). The parameter K defines the ratio
between lateral and vertical stresses acting on the pile shaft
and plays a critical role in mobilizing frictional resistance,
particularly for piles with modified surface geometries.
The bearing capacity of pile foundations is derived from
the plastic behavior of materials under load!” and
governed by differential equations'®. The ultimate bearing
capacity (@Q,) is expressed as the sum of the pile's point
resistance (Q,) and skin resistance (Qs)"?". Several
factors influence this equation, including pile size (A4),
depth of the loaded area (D), and the bearing capacity
factor (N,), which varies depending on the soil's internal
friction angle (¢). For instance, N, ranges from 1 to
81.27 for ¢ values between 0° and 40°2?, from 1 to 392.8
for ¢ values between 0° and 50°%%, and from 12.4 to 930
for ¢ values between 20° and 45°2%,

In the skin resistance (Q5) component, the coefficient K
serves as a correction factor representing the redistribution
of vertical stress into lateral stress acting on the pile shaft.
This coefficient relates to the soil's internal friction angle
using the formula tan ¢ = K tan ¢, with values such as
K =0.85%, K =0.29%, K ranging from 0.39 to 0.5%7,
K =0.45for ¢ values between 33° and 43°%®, K =0.38
for ¢ = 38.5°%, K =1,4339, and K = 1,23. This
variability highlights the importance of K in accurately
predicting pile skin resistance and overall bearing capacity.
The skin resistance (Q;) of a pile foundation is influenced
by the frictional interaction between the foundation surface
and the surrounding soil, which is largely governed by the
soil's lateral pressure’>33). The coefficient of lateral earth

pressure (K) represents the ratio of lateral to vertical stress.
It plays a critical role in determining the distribution of
lateral stress along the depth of the foundation®”. Key
parameters include the effective vertical stress (¢’), the
friction angle between the soil and the foundation surface
(9), and the surface area of the pile in contact with the soil
(Qs)®. The value of K is highly dependent on soil
conditions, such as density and type. In dense sandy soils,
K often approaches Kj, the coefficient of earth pressure
at rest, which reflects an improved distribution of lateral
stress and enhances soil-structure interaction.

The caudal concept has been?¥, adopted to develop an
empirical bearing capacity equation for the design of more
efficient and stable foundations®**9. To achieve this, the
equation must be adapted to integrate the bioinspired
caudal movement concept, inspired by snake locomotion.
This research builds on previous findings, focusing on the
adaptation of snake movements and their application in
modern foundation design.

Recent studies have increasingly explored bio-inspired
surface geometries to enhance soil—structure interaction,
particularly through anisotropic friction mechanisms and
textured pile interfaces in granular soils. Experimental
investigations have demonstrated that modified pile
surface geometries can significantly influence lateral stress
development and skin resistance. However, most existing
studies predominantly focus on large-scale piles or
installation-induced effects, with limited experimental
attention given to small-diameter steel piles and the
explicit relationship between caudal asperity ratio, lateral
earth pressure coefficient (K), and skin resistance (Qy)
under controlled laboratory conditions. Therefore, this
study aims to experimentally evaluate the influence of
caudal asperity ratio on pile skin resistance and lateral
earth pressure mobilization in sandy soil, assess the
statistical significance of these effects using analysis of
variance (ANOVA), and examine the applicability of
Meyerhof’s bearing capacity framework for bio-inspired
caudal pile surfaces.

2. Methodology
2.1. Materials and Tools

The material used in this study is Brantas sand (Table 1),
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Fig. 1: Gradation Analysis of Sand
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with its particle size distribution illustrated in Figure 1. The
sand was characterized by its controlled particle size
distribution, high density, and dry conditions, which were
consistently monitored throughout the experiments. As
shown in Figure 2, the target dry unit weight of 16.7 kN/m?
was achieved using a vibrating table (Figure 3a) operating
at a frequency of 3.34 kHz for 48 seconds (Figure 3b).

Shear strength parameters were obtained through
Automatic Direct Shear Tests, with the shear angle
measured and recorded using a data logger (Figure 4). A
custom-built compression machine equipped with real-
time data logging capabilities was employed to conduct
pile load tests. Sand compaction was carried out using a
vibrating table to ensure uniform density. The selected
asperity ratios (20, 26.67, and 33.33) were chosen to
represent low, medium, and high surface modulation while
maintaining manufacturability at small scale. A pile

diameter of 10 mm was adopted to ensure uniform stress
distribution and compatibility with the laboratory test box
dimensions, while an embedment depth of 240 mm was
selected to minimize boundary effects and allow full
mobilization of shaft resistance (Figure 5).
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Fig. 2: Dry Unit Weight Mapping

Table 1: Brantas Sand Properties

Properties Value
Sand Type SP
D, (%) 70
Dry unit weight (yt) [kN/m?] 16.69
Coefficient of curvature Cc 342
Uniformity coefficient Cu 0.96
Average particle size Dg, [mm] 0.40
Void ratio (e) 0.71
Maximum void ratio e,y 0.91
Minimum void ratio e,,;, 0.62
Porosity (%) 38.24
Specific Gravity (Gg) 2.76
Friction angle ¢ [°] 30
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Fig. 3: Dry Weight Validation (a) Vibrating Table, (b) Frequency Validation, (c) Speed Control

Fig. 4: Automatic Direct Shear Tests
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Fig. 5: Pile Foundation (a) Smooth, (b) Caudal L/H 20,
(c) Caudal L/H 26.67,(d) Caudal L/H 33.33
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2.2. Design Experiment

Steel piles with a diameter of 10 mm and a length of 300
mm were prepared in two configurations: smooth piles and
tail piles with varying L/H ratios. These piles were tested
under controlled conditions to a depth of 240 mm. As a
control, the smooth piles (Figure 5a) were tested first using
an automatic compression machine (Figure 6). The tests
were conducted with Brantas Sand (Table 1), contained in
a test box measuring 350 x 350 mm with a height of 500
mm (Figure 3a). Each test configuration was conducted
under identical sand preparation procedures, including
controlled dry unit weight, consistent pouring method, and
fixed vibration duration. This approach was adopted to
ensure repeatability of test results and to minimize
experimental bias associated with soil density variation.
Pressure data and settlement distribution were recorded
using a data logger. Subsequently, the caudal pile
foundations (Figures. 5b, 5c, and 5d) were subjected to
identical testing conditions. These tests aimed to evaluate
the influence of varying L/H ratios on the bearing capacity
and settlement behavior of the caudal piles compared to the
smooth piles.

Fig. 6: Automatic Small-Scale Compression Testing
Equipment with Data Logger
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Fig. 7: Figure Qp Pile Test (a) Autosol, (b) Pile with
Autosol, (c) After Autosol

This test aims to determine the ultimate bearing capacity
(Q,) and isolate the skin resistance (Q;) from the test
results. To directly measure the point resistance (@), an
isolation technique was employed by coating the pile shaft
surface with a lubricant (e.g., Autosol, Figure 7). The
lubricant acts as a friction-reducing agent, effectively
eliminating interaction between the pile shaft and the
surrounding soil, ensuring that the skin resistance (Qy) is
negligible during the test. This approach allows the point
resistance (@) to be measured directly. Using the results
of both the isolated and combined tests, the skin resistance
(Qy) is calculated as the difference between the ultimate
bearing capacity (@, ) and the point resistance (@), as
shown in Equation 129,

Qs =0Qyu — Qp (1)

This study aimed to investigate the impact of the L/H
ratio on lateral stress distribution and the K value. Test
data from smooth and caudal piles were analyzed to
establish relationships between depth ( D), depth-to-
diameter ratio (D/B), and the increase in skin resistance
(Qs)- Using Equation 1, the K value for each foundation
model was calculated from the test results, enabling the
determination of K wvalues at various depths based on
experimental observations.

K= o
where,

K = coefficient of lateral earth,

Q, = skin resistance (Equation 1),

) = angle of internal skin friction,

Ag = skin surface area.

The skin resistance (Q5) was obtained by subtracting the
measured point resistance from the total bearing capacity.
Subsequently, the coefficient of lateral earth pressure (K)
was back-calculated using Equation (2) based on the
experimentally derived Qg values. Experimental results
were statistically validated using Analysis of Variance
(ANOVA), a method that evaluates the significance of
independent variables on a dependent variable by
analyzing variability within and between groups*®*?. In
this study, ANOVA was employed to assess the influence
ofthe L/H ratio and pile configuration on skin resistance
(Qs) and the coefficient of lateral earth pressure (K) the
analysis aimed to determine whether variations in L/H
ratios significantly impacted Q; and K values. The F-
statistic and corresponding p-values were calculated at a
significance level (a) of 0.05 to evaluate the effects of

geometric modifications on these performance metrics®-
43)
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3. Results and Discussion

3.1. Results

a) Distribution of Pile Skin Resistance (Q;) with
Depth

The skin resistance (Q,) values presented in this study are
calculated using the relationship in Equation 1 from the
experimental design. The graph in Figure 8 illustrates the
relationship between pile skin resistance (Qg) and depth
(D) for Smooth Pile Foundations and three asperity
configurations (L/H =20, L/H =26.67, L/H =33.33).
The Smooth Pile recorded a maximum Qg of 0.0119 kN
at a depth of 240 mm, with a gradual increase in resistance
observed across all soil layers. For the L/H =20 asperity
configuration, the highest bearing capacity of 0.0280 kN
was achieved at a depth of 240 mm. The distribution
pattern remained consistent throughout the soil strata,
reflecting the system's efficiency in enhancing bearing
capacity. The L/H = 26.67 asperity configuration
recorded a peak Qg of 0.0235 kN at the same depth, with
more pronounced variations observed in the intermediate
soil layers. In contrast, the L/H = 33.33 asperity
configuration exhibited a maximum bearing capacity of
0.0171 kN at 240 mm, with a relatively less stable
distribution pattern across the depth. These results
highlight the impact of L/H ratios on the performance
and efficiency of pile foundations under varying asperity
configurations.

b) Increase in Skin Resistance (AQ;) with Depth
Figure 9 illustrates the relationship between the increase in
skin resistance (AQ;) and depth (D). For the L/H = 20
configuration, a maximum AQ; of 0.0160 kN was
recorded at a depth of 200240 mm, followed by a gradual
reduction to zero at 240 mm. The L/H = 26.67 asperity
design achieved a peak AQg of 0.0115 kN at a depth of
200-240 mm, with the capacity increase diminishing more
rapidly compared to L/H = 20. In contrast, the L/H =
33.33 asperity configuration yielded the highest AQ; of
0.0052 kN at 200 mm, followed by a sharp reduction
beyond this depth. These results highlight the varying
performance of asperity configurations, with L/H = 20
demonstrating the most consistent increase in AQg across
the tested depths.

¢) Distribution of Skin Resistance ( Q) with

Respect to the D/B Ratio
Figure 10 illustrates the relationship between skin
resistance (Q) and the depth-to-diameter ratio (D/B) for

Smooth Pile Foundations and three asperity configurations.

The Smooth Pile recorded a maximum bearing capacity of
0.0119 kN at D/B = 24, with a consistent performance
across all tested ratios. The L/H = 20 asperity
configuration achieved the highest capacity of 0.0280 kN
at D/B = 24, demonstrating a more uniform distribution
compared to other designs. The L/H = 26.67 asperity

design showed a maximum @ of 0.0235 kN at D/B =
24, with slightly lower performance than L/H = 20. For
the L/H = 33.33 asperity configuration, a maximum
bearing capacity of 0.0171 kn was observed at D/B =24.
However, the capacity experienced a rapid decline after
D/B = 10, reflecting a less efficient load transfer
mechanism at lower depth-to-diameter ratios.
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Fig. 8: Graph Depth (D) vs Qg
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d) Increase in Skin Resistance (AQ ) with Respect
to the D/B Ratio

Figure 11 illustrates the distribution of the increase in skin
resistance (AQ,) with respect to the depth-to-diameter ratio
(D/B). For the L/H = 20 configuration, the highest
increase in AQ; 0f0.0160 kN was achieved at D/B =24,
with a stable performance across all tested ratios. The L/H
= 26.67 asperity design recorded a maximum AQg of
0.0115 kN at D/B = 24, showing a steeper reduction in
AQ, relative to other designs. In contrast, the L/H =
33.33 asperity configuration exhibited a maximum
increase of 0.0052 kN at D/B = 2, followed by a
significant decrease beyond D/B = 20. Among the
configurations, L/H = 20 demonstrated the most
consistent improvement in AQ across the tested D/B
ratios, highlighting its efficiency in enhancing load transfer

performance.
e¢) Comparison of Skin Resistance for Different
Asperity

Although the intrinsic soil friction angle of Brantas sand
remained constant at ¢ = 30°, the experimental results
clearly indicate that the mobilized interface friction,
reflected in the measured Q, varies significantly with
asperity. As summarized in Table 2 and illustrated in
Figure 12, the caudal pile with L/H = 20 achieved the
highest normalized caudal skin resistance and smooth skin
resistance ratios ( Qg /Qs = 2.35), corresponding to a
maximum Qg of 0.0280 kN, and maintained a stable
enhancement across the entire depth range. This behavior
suggests efficient and sustained mobilization of dilatancy
and mechanical interlocking along the pile—soil interface.

Table 2: Quantitative relationship between soil friction angle,
asperity ratio, and measured skin resistance

L/H @ Max Qg Qscl Interface
©) (kN) /Qs Mechanism
0 30 0.012 1.000  Sliding friction
20 30 0.028 2.344  Dilatancy and stable
interlocking
26.67 30 0.024 1.967  Partial dilatancy
33.33 30 0.017 1.426  Shallow dilatancy
dominance
3.0

0.5 R2=1

Qyei/ Qs (Qs Caudal/Qs Smooth)
in

0.0
0 20 26.67 3333
L/H (Asperily Ratio)

Fig. 12: Normalized Qs.;/Q; as a function of L/H

f) Lateral Earth Pressure Coefficient (K) with
Depth

The lateral earth pressure (K) values obtained from the
graph in Figure 13 are calculated using the equation
provided in Equation 2. Figure 12 illustrates the
distribution of lateral earth pressure (K) with depth (D) for
Smooth Pile Foundations and various asperity
configurations. The Smooth Pile recorded a maximum K
value of 1.52 at a depth of 160 mm, with a linear
distribution and minimal fluctuations. For the L/H = 20
asperity configuration, the highest K value of 3.94 was
achieved at a depth of 40 mm, demonstrating a consistent
distribution across all depths. The L/H = 26.67 asperity
design yielded a peak K value of 3.27 at a depth of 30 mm,
but fluctuations were observed in the shallow layers.
Similarly, the L/H= 33.33 configuration reached its highest
K value of 2.33 at a depth of 30 mm, followed by a sharp
decline beyond 100 mm, eventually approaching the
Smooth Pile value at greater depths. Among the tested
configurations, the L/H = 20 asperity design exhibited the
most stable lateral pressure distribution, while L/H = 26.67
and L/H = 33.33 configurations were more effective in
enhancing K values in the shallow soil layers.

g) Increase in Skin Resistance Qg for Each L/H
Based on statistical analysis (Table 3), the L/H ratio
significantly influences Qg values, with a declining
statistical effect as the ratio increases. At L/H = 20, the
F-statistic value reaches 10.68, with a P-value of 2.05x1073,
indicates a strong effect size, suggesting that variations in
Qs are predominantly governed by asperity effects rather
than random within-group variability, as well as a highly
statistically significant relationship. At L/H = 26.67, the
reduction in the F-statistic to 6.42 with a P-value of 1.47 x
1072 reflects a weakened effect size, although the observed
relationship remains statistically significant. At L/H =
33.33, the low F-statistic value of 2.07 with a P-value of
1.57 x 107" indicates a small effect size and a statistically

Coefficient Lateral Earth (K
00 03 05 08 10 13 15 18 20 23 25 28 30 33 35 38 40

120

D (Depth) mm

150
—e—Smooth
Caudal L/H 20
210 Caudal L/H 26 67
Caudal L/H 3333

180

240

Fig. 13: Graph Depth (D) vs K

Table: 3: Increase in Qg for Each L/H

B10 (L/H)
Parameters
20 26.67 33.33
F-statistic 10.68 6.42 2.07
P-value 2.05x1073 1.47x1072 1.57x107!
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Table: 4: Increase in K for Each L/H

B10 (L/H)
Parameters
20 26.67 33.33
F-statistic 99.32 62.53 17.92
P-value 4.54x10°13 4.05x10°10 1.09x10*

insignificant relationship.
These results indicate that smaller L/H ratios tend to
produce a more effective (@, response, whereas
increasing the L/H ratio progressively reduces its
influence. Accordingly, the L/H ratio remains a key
parameter that should be considered in the performance
evaluation of pile foundations.

h) Increase in Coefficient Lateral Earth K for

Each L/H

Based on statistical analysis (Table 4), the L/H ratio
significantly influences the tested parameters, with its
impact showing a decreasing trend as the L/H ratio
increases. At L/H = 20, the F-statistic value reaches
99.32, with a P-value of 4.54x107'3, indicating a very
strong and statistically robust relationship. When the ratio
increases to 26.67, the F-statistic decreases to 62.53, with
a P-value 0f 4.05x107'°, remaining significant but showing
a weaker correlation. A further decline is observed at L/H
= 33.33, where the F-statistic sharply drops to 17.92, with
a P-value of 1.09x107%, though the relationship remains
statistically significant. The consistently high F-values
across all L/H variations indicate a large effect size,
although the magnitude of the effect tends to decrease at
higher L/H ratios. The persistence of statistically
significant P-values suggests that the influence of the L/H
ratio on the lateral earth pressure coefficient (K) is stable
and robust, and relatively less sensitive to depth variations
compared to the Q.
These results indicate that smaller L/H ratios are more
effective in mobilizing load transfer through lateral earth
pressure response, whereas larger ratios gradually reduce
the intensity of this influence. This trend underscores the
importance of optimizing the L/H ratio to enhance
performance efficiency in geotechnical applications,
particularly in systems that strongly depend on lateral earth
pressure behavior.

3.2. Discussion

a) Effect of Asperity Ratio ( L/H ) on Skin
Resistance (Qy)

The asperity ratio (L/H) significantly influences the skin
resistance (Qg) of pile foundations. For the L/H = 20
configuration, the maximum Qg was recorded at 0.0280
kN at a depth of D/B = 24, representing a 20% increase
compared to the Reference Pile Foundation (Q; = 0.0119
kN). This improvement suggests that low to moderate
asperities are more effective in distributing friction forces
uniformly along the pile depth. In contrast, the L/H =
33.33 asperity configuration achieved a Q; of 0.0171 kN

but exhibited a marked reduction in frictional effectiveness
in deeper layers.
These findings align with DEM-based research, which
indicates that high-angle asperities (52.4° to 74.1°) can
enhance friction forces by up to 30% in poorly graded
granular soils**%). The soil properties in this study,
including a friction angle (¢ = 30°) and an average particle
size (Dsy = 0.40), support optimal interaction with lower
asperities ( L/H = 20), resulting in more consistent
mechanical interlocking. Among the tested configurations,
the L/H = 20 asperity design demonstrated superior
friction capacity distribution across all depths, offering
higher mechanical efficiency than other configurations*®-
49)

b) Correlation Between Dilatancy and Friction

Angle

The dependence of normalized Qs on asperity geometry
can be explained by dilatancy-induced mobilization of
interface friction. According to Bolton’s dilatancy
framework®%*), the peak friction angle mobilized during
shearing (¢peqr ) may exceed the intrinsic friction angle of
the soil due to volumetric expansion associated with
particle rearrangement*44>),
Previous studies indicate that the critical friction angle
(¢.,) of angular particles can be up to 15% higher than that
of rounded particles®>™. In this study, the constant friction
angle (¢ = 30°) represents a material property of the
Brantas sand, whereas the enhancement in Qg reflects
variations in e, mobilized at the pile-soil interface as
a result of asperity-induced dilation and interlocking. Q;
enhancement is governed by asperity design, with L/H =
20 promoting sustained dilation and interlocking, while
larger asperities (L/H =33.33 limit Q; mobilization due
to localized stress concentration>-%),

¢) Distribution of Lateral Pressure (K)
The distribution of lateral pressure (K) exhibits distinct
characteristics for each asperity configuration. The L/H=
20 asperity configuration yields uniform lateral pressure
up to D/B = 24, while the L/H= 33.33 configuration
demonstrates localized lateral pressure concentration in
shallow depths (D/B < 6). Previous studies have shown
that rough asperities can increase lateral pressure by up to
25%, particularly in sandy soils with a roughness index (R,,
=0.926 to 1.852)%%,
The soil's low uniformity coefficient (Cu =0.96) indicates
poor gradation, which amplifies lateral pressure
concentration in high-asperity configurations like L/H =
33.33. Conversely, the minimum void ratio (e,,;, = 0.62)
facilitates the stabilization of lateral pressure in low-
asperity configurations suchas L/H =20.The L/H =20
configuration effectively distributes lateral pressure
consistently across all depths, whereas the L/H = 33.33
configuration generates higher lateral pressure but is
limited to shallow layers.
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d) Relevance to Meyerhof and Vesic Theories
This study aligns with the theories of Meyerhof (1976)*
and Vesic (1975)%9, which suggest that skin resistance (Qs)
can be enhanced through surface roughness. The reference
pile, a Q5 of 0.0119 kN, corresponds to Meyerhof's
predictions for steel piles under low normal pressure. The
L/H = 20 asperity configuration, demonstrating a 20%
increase in capacity, highlights the effectiveness of
mechanical interaction, particularly at greater depths, as
supported by Vesic®*®?). The asperity enhancements
contribute to significant improvements in @, reinforcing
the relevance of classical theories in the context of small-
diameter steel piles (10 mm diameter) and their
applicability in modern geotechnical design.

e¢) Study Limitations

1) Pile Diameter: This study exclusively utilized
piles with a diameter of 10 mm. This limitation
may affect the external validity of the results, as
differences in pile diameter can alter soil—pile
interaction and the contribution of asperities to
both @, and lateral earth pressure response.
Therefore, the findings primarily represent
relative behavior at the model scale, and further
studies with varying diameters are required to
improve generalization to field-scale applications.

2)  Static Loading: The study focused solely on static
load testing, without accounting for cyclic or
dynamic responses. These aspects are critical for
structures such as piers, offshore platforms, or
earthquake-resistant foundations. Future
investigations should explore the behavior of
asperity configurations under dynamic loading
conditions.

3) Unsaturated Soil Conditions: The tests were
conducted under unsaturated soil conditions, and
saturated conditions were not considered. This
may influence both Q; and K, as different
hydraulic conditions can significantly affect soil
behavior. Accordingly, caution is required when
generalizing the results to waterlogged
environments, and additional studies under fully
saturated conditions are recommended to enhance
the applicability of the findings.

f)  Future Research Directions

1) Effect of Pile Diameter: Future studies should
explore the influence of varying pile diameters on
skin resistance ( Qg ) and lateral pressure
distribution ( K ) across different asperity
configurations. This will help to generalize
findings and assess scalability for larger or
smaller pile applications.

2) Diverse Material Applications: Extending the
research to include piles made of concrete,
composite materials, or other alternatives could
validate and expand the applicability of these

3)

4)

g)
1)

2)

3)

4)

h)

1)

2)

3)

4

5)

findings across a broader spectrum of
construction scenarios.
Cyclic Loading Studies: Investigating the
behavior of asperity configurations under cyclic
or dynamic loading conditions is essential for
practical applications, especially in seismic zones,
offshore  structures, and other dynamic
environments.
Performance in Saturated Soil: Further research
should evaluate the performance of asperity
configurations in fully saturated soil conditions.
Insights from such studies would be valuable for
designing foundations in waterlogged or high-
moisture regions.

Theoretical Benefits
Development of Friction Capacity Theory: This
study advances the understanding of how surface
roughness impacts skin resistance ( Qg ),
reinforcing and building upon classical theories
such as those proposed by Meyerhof and Vesic.
Correlation Between Void Ratio, Dilatancy, and
Lateral Pressure: The findings contribute to
geotechnical modeling by establishing a link
between soil dilatancy, void ratio, and lateral
earth pressure (K), offering a nuanced perspective
on soil-pile interactions.
New Insights into Lateral Pressure Distribution:
The detailed analysis of lateral pressure (K )
across various asperity configurations aids in
refining pile design theories and optimizing
performance in diverse soil conditions.
Relevance to DEM and Geotechnical Parameters:
By wvalidating correlations with geotechnical
parameters such as friction angle, particle size,
and roughness, this study provides empirical
support for discrete element modeling (DEM)
approaches, enhancing predictive accuracy in
geotechnical simulations.

Practical Benefits
Optimization of Steel Pile Foundation Design:
Enhances the design efficiency of steel pile
foundations by improving the understanding of
asperity configurations.
Material and Cost Efficiency: Enhances material
usage and reduces construction costs by
optimizing pile designs.
Development  of  Lightweight = Modular
Foundations: Supports the development of
lightweight and modular foundation systems for
various applications.
Application in Sandy Soil Conditions: Ensures
adaptability in poorly graded sandy soils,
leveraging interlocking mechanisms.
Strengthening Foundation Systems in Seismic
Areas: Improves foundation resilience in
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earthquake-prone regions
mechanical interaction.

6) Increased Soil-Pile Interaction Efficiency:
Maximizes the interaction efficiency between soil
and piles, ensuring better load transfer.

7) Application in Waterlogged Environments:
Provides solutions for designing foundations in
saturated or waterlogged soil conditions.

through enhanced

4. Conclusion

The modification of surface asperities (L/H) significantly
enhances skin resistance ( Qg ) and lateral pressure
distribution (K). The L/H = 20 configuration increases
Qs by 20% compared to the reference pile (Q; = 0.0119
kN), maintaining a stable distribution at a depth of D/B=
24. In contrast, the L/H= 33.33 asperity configuration
demonstrates effectiveness in shallow depths (D/B < 6)
but exhibits reduced efficiency at greater depths.

The observed skin resistance and lateral pressure responses
are governed by dilatancy-induced mobilization of
interface friction, while the intrinsic soil friction angle
remains constant (¢ = 30°). The L/H = 20 configuration
promotes a more uniform lateral pressure distribution and
sustained response with depth, whereas larger asperities
(L/H = 33.33) induce localized stress concentration and
reduced effectiveness at greater depths.

These findings suggest that the L/H =20 configuration is
well-suited for structures requiring significant effective
depth, such as bridges or piers. In contrast, the L/H =
33.33 configuration is more applicable for shallow
foundation systems, such as embankments or lightweight
piles. This research provides a foundation for designing
more efficient and stable pile foundations. Further studies
are recommended to evaluate the effects of pile diameter
variations, dynamic load conditions, and environmental
factors.
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